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We investigate the new physics that arises when a correlated quantum impurity hybridizes with 
Fermi gas with a generalized Rashba spin-orbit coupling produced via a uniform synthetic non- 
Abelian gauge held. We show that the impurity develops a fractional local moment which couples 
anti-ferromagnetically to the Rashba-Fermi gas. This results in a concomitant Kondo effect with a 
high temperature scale that can be tuned by the strength of the Rashba spin-orbit coupling. 
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Quantum emulation of many particle systems [T]-[5] 
with cold atoms can not only help address key open prob¬ 
lems across physics disciplines, but also explore phenom¬ 
ena in regimes and conditions not accessible in conven¬ 
tional systems. Experimental progress in cold atoms over 
the last decade has provided insights into several “clas¬ 
sic” systems such as the Bose-Hubbard model [H [7] and 
the BCS-BEC crossover of fermions [H [9]. The scope of 
cold atoms has been signihcantly enhanced by the recent 
realizations of systems with synthetic gauge fields pTHT4] 
(see m for a review), and has even lead to realization of 
systems pIBHTS] with nontrivial topology. Together with 
the ability to engineer systems on a lattice scale [TOHIT], 
these developments usher in unprecedented possibilities. 

Quantum impurity problems which provided many key 
concepts and ideas influencing all of physics [221425] has 
seen a recent resurgence e.g., from probing systems near 
a quantum critical point [26l |27] , and even in numerical 
solution techniques [28]-[30]. This immutable importance 
of impurity problems has motivated several works [ 3 TH 34 ] 
on using cold atom systems to study these. In this con¬ 
text, the new developments with synthetic gauge fields 
discussed above provide a new direction apropos physics 
of quantum impurities in these systems. 

A uniform non-Abelian {SU{2)) gauge field produces 
a generalized Rashba spin-orbit coupling (RSOC) on the 
motion of spin-1/2 particles. There are several proposals 
(and lab realizations) [15] for obtaining RSOC that pro¬ 
duces spin-momentum-locking in one[T2][T3l[35|, two[36l- 
l38] and even three [39| spatial dimensions. The physics 
of quantum impurities in Eermi systems with RSOC has 
open questions: Are there new features when a quan¬ 
tum impurity hybridizes with a gas of RSOC fermions? 
Is there a Kondo effect, and if so does it possess any 
unique features? As will become evident in this paper, 
the answer to these questions is in the affirmative, and 
indeed there is new physics not yet uncovered in earlier 
work [4Qll46] . 

Here we study a correlated quantum impurity (inter¬ 
action scale U) which hybridizes (hybridization scale V) 
with a RSOC (strength A) Eermi gas with an interparticle 
separation kf (density ^ kp, Eermi energy Ep ^ kp). 
When X/kp ^ 1, we find that the impurity develops a 
fractional local moment (fraction is 2/3 for the 3D RSOC) 


for U larger than a critical value. The moment couples 
antiferromagnetically with the Eermi gas, and forms a 
Kondo like ground state. Quite remarkably, the result¬ 
ing Kondo temperature Tx is large - a significant frac¬ 
tion of the Eermi energy - and indeed can be increased 
with increasing RSOC {Tk ^ A^/^). We establish these 
results using a variety of methods from mean-field the¬ 
ory, variational ground state, and quantum Monte Carlo 
numerics. Our analysis also demonstrates the physics 
behind the formation of the fractional local moment and 
provides a recipe to control its value. We discuss the 
experimental realization of these results in a cold atoms 
system, and also touch upon their relevance in strongly 
spin-orbit coupled condensed matter systems such as ox¬ 
ide interfaces. 

Formulation: Consider a gas of two component (“spin- 
I”) fermions in 3D with density no = ^ with an as- 

sociated energy scale Ep = ^ (Here and henceforth h 
and fermion mass are set to unity.). In the presence of 
RSOC induced by a non-Abelian gauge field, the spin of 
the fermions is locked to their momentum k resulting in 
“helicity” a = El states. In terms of fermion operators 
cF, the Hamiltonian is He = 

where £a{k) = \ -<^|^a| is the “kinetic energy” (for 

calculational convenience, energy is shifted by A^/2 (see 
Supplementary Information)), kx = Xxkx^x + ^ykyCy + 
XzkzSz. RSOC here, is described by A = {Xx^ Xy, Xz) = 
AA. The a = El state has spin polarized along /cy, 
while a = —1 state has the spin opposite to kx^ with 
^ka ~ ^afa{^)^ka Coefficients f^{k) determined 

by kx- Treating the Rashba-Eermi gas as a “conduc¬ 
tion bath”, we introduce an impurity state which we 
call the d-state following the usual terminology, which 
hybridizes with the gas. The impurity Hamiltonian is 
Hd = - n)nda + Und^ndi {nda = dld^), where 

Sd is the “bare” impurity energy (see below), and U is 
the crucial local repulsion between two fermions at the 
impurity site. A second crucial aspect is the local hy¬ 
bridization of the conduction fermions with the impurity 
state located at the origin of the 3D box of volume Ct 
given hy Hh = ^ YkMka'^'y + dicka)- The Hamilto- 
nian H = He E Hg E Hy describes a cold atoms analog of 
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FIG. 1. Ground state in U-\ plane: Results for V— 
0.1, Ed — /i(A)/2. (a) Impurity moment M = {udf — ridi) 
in the Hartree-Fock (HF) ground state, (b) Size of impu¬ 
rity moment Sz = ((^^t ~ in the variational ground 

state, (c) and (d) Results along slices A{UIEf = 0.4) 
and B{UIEf = 1.0) shown in (b). Both HF and varia¬ 
tional ground states show a fractional local moment (shown 
schematically by the broken vector) of 2/3 for X/kF ^ 1, 
and UIEf larger than a A-dependent critical value shown by 
dashed line in (a) and (b). 


an Anderson impurity problem [47]. We focus on the case 
with 3D spin orbit coupling with \x — — ^5 the 

results of which are also applicable to other cases. Such 
an impurity system can be realized in an experiment by a 
combination of approaches described in refs. [39] for the 
3D RSOC, and for the impurity. 

The bath Fermi gas itself (without the impurity) un¬ 
dergoes changes due to the RSOC. For a given density 
no, increasing A causes a change in the topology of the 
Fermi surface [48]. Indeed for the 3D RSOC, this occurs 
at Ac = and for A > Ac, the Fermi sea is a spherical 
annulus solely of + helicity fermions. For A ^ Ac, the 

chemical potential varies as /j.{X)IEf = 1 — ^ (^) ’ 

and as for A ^ Ac . We next discuss 

the physics of a correlated impurity that hybridizes with 
this bath using various methods. 

Ground State (Mean Field Theory): The simplest 
approach that could reveal possible interesting physics 
arising from the impurity is the Hartree-Fock (HF) 
method [47]. A broken (rotation) symmetry ground state 
is assumed, such that M = {ud^ — Udi) is non-zero and 
self consistently determined. This calculation (and all 
others that we present below) requires an important tech¬ 
nical input. Unlike the usual condensed matter problems 
where the bath has a well defined bandwidth, the 3D con¬ 
tinuum fermions considered here do not. This leads to ul¬ 
traviolet divergences (owing to the fermions at large mo¬ 



FIG. 2. Finite T physics: QMG results for UfEF = 
0.5, X/kF = and V/E]/^ = 0.1 (a) Impurity observables, 
(b) and (c) impurity magnetic susceptibility y as a function 
of temperature T. xo in (c) is the low temperature suscepti¬ 
bility. Kondo temperature Tk is estimated from QMG results 
by the location of the peak in y as shown in (c). (d) Depen¬ 
dence of Tk on X{U/Ef = 1.0). Results (a) - (c) are obtained 
using L = 512 imaginary time slices, while L = 128 is used to 
obtain the Tk for various values of A in (d). Sampling error 
bars are smaller than the symbol sizes. 


menta) requiring regularization. Our approach is to make 
the impurity energy Sd a bare parameter (see Supplemen¬ 
tary Information for details), trading it for the physical 
value Sd via the relation ed = £d- ^ S|fc|<A where 
A is an ultraviolet cutoff. This procedure provides a route 
to make all interesting observables to be independent of 
cutoff A, not only for the HF approach but also for the 
others discussed below. Fig. [^a) shows “magnetization” 
M of the impurity in the U-X plane, showing three dis¬ 
tinct regimes. For any A, M vanishes when U < Uc 
{Uc{X) is shown by the dashed line in Fig. [^a)). For 
U > Uc, M « 1 when X/kp ^ 1 consistent with known 
results [47]. Most interestingly, for X/kp ^ 1 and U > Uc 
we find that M ^ 2/3 motivating the more detailed in¬ 
vestigations below. 

Ground State (Variational): To obviate any artifacts 
due to the artificially broken symmetry of the HF cal¬ 
culation, we now construct a variational ground state 
(see e. g., [49]) with a “rigid” Fermi sea of bath fermions 
and two added particles whose spin-states are completely 
unbiased (see Supplementary Information for details). 
For the 3D RSOC, we find that the ground state for 
all A and U is rotationally invariant with a zero to¬ 
tal (spin+orbital) angular momentum (J = 0 , singlet). 
The size of the impurity local moment, characterized by 
M(ndt “ depends on A and U as seen from 

Fig. [^b), showing four distinct ground states, (i) For 
X ^ kp and U < Uc {Uc depends on A, and is shown by 
a dashed line in Fig. [^b)), vanishes and the impu¬ 
rity is doubly occupied, (ii) For X ^ kp and U > Uc^ 
























3 


S‘1 attains a value of unity corresponding to the Kondo 
ground state where the impurity has a well formed local 
moment that locks into a singlet with the bath fermions. 
Interestingly, in this regime of A, Uc falls with increasing 
A, i.e., small A aids the formation of the Kondo state(see 
also, m)- The other two states occur for X > kp, where 
Uc increases with increasing A. (iii) For U > Uc, we 
find a strongly correlated state (vanishing double occu¬ 
pancy) with a fractional local moment characterized by 
S‘^ = 2/3 ! (iv) For U < Uc with X > kp , there is 
a intriguing new state with impurity occupancy of 4/3, 
moment 4/9, and a double occupancy {ud^ndi) = 4/9. 
The crossovers between these states with increasing A 
are clearly demonstrated in Fig. [^c) which shows vari¬ 
ous quantities evolving with A for 1/ = OAEp. Starting 
from a doubly occupied impurity, there is a crossover 
to the usual Kondo ground state with a singly occupied 
impurity with a unit local moment. There is a second 
crossover to the new kind of singlet state with a fractional 
local moment of 2/3 (no double occupancy) in the regime 
X kp. Finally, at a larger value of A there is a crossover 
to the other novel partially correlated singlet state of the 
type (iv) noted above. For large U (> Uc{X = 0), see 
Fig. [^d)) the state starts off as a Kondo state at A = 0, 
crossing over to the two new states with a larger regime 
of a correlated fractional local moment state. Indeed, 
the HF results of the previous paragraph are consistent 
with those of the variational calculations (VC). The first 
excited state of the VC is a triplet state (J = 1 ), the 
energy of this excited state compared with that of the 
singlet ground state gives an estimate of the Kondo scale 
Tk which is discussed in greater detail below. 

Finite Temperature (Quantum Monte Carlo): 

Several natural questions arise including how the frac¬ 
tional local moment reveals itself at finite temperatures. 
We address this using the quantum Monte Carlo (QMC) 
method of Hirsch and FveJSO] (see Supplementary Infor¬ 
mation for details). Fig. [^a)-(c) shows the temperature 
dependent results (including the impurity magnetic sus¬ 
ceptibility x) obtained from QMC for a A and U that 
possesses a fractional local moment in the ground state. 
Three temperature regimes are clearly seen. At high tem¬ 
perature T ^ V, we have the “free orbital regime” [24[[^ 
where Tx(T) ^ (Fig. @b)), followed by a regime where 
Tx(T) I at lower temperatures. At even lower tem¬ 
peratures (temperature scale Tk) there is a crossover to 
the Kondo state. The interesting aspects of these results 
is that the impurity local moment 5'^ attains a value of 
2/3 in the same temperature regime where Tx(T) ^ | 
and remains so at low temperatures, even below the 
Kondo temperature Tk- This clearly indicates forma¬ 
tion of a fractional local moment of 2/3 at the impurity, 
and screening of the same by the bath fermions at lower 
temperatures. QMC also allows us to extract the Kondo 
temperature Tk as shown in Fig.j^c), and its dependence 
on A is shown in Fig. |^d). The remarkable aspect is the 
large Kondo temperature scale that is a significant frac¬ 
tion of Ep, which interestingly increases with increasing 



FIG. 3. Fractional local moment and high Tp: (a) Den¬ 
sity of states of the bath p{(jj) with filled states up to /i(A). 
The spectral function Ad{ijo) of the d-state at Sd after hy¬ 
bridization with the bath is also shown, (b) Weight (Z) of 
the impurity d-state in the bound state, and (c) Energy of 
the bound state Sb, as function of A. (d) “Universal” Kondo 
Tk scale as a function of U estimated from the variational 
calculation where ~ 0.155 + . 


A in the fractional local moment regime. Reassuringly, 
the energy scale obtained from the variational calcula¬ 
tion also agrees with the QMC result (up to a factor of 
1 , jnQMC ^ iT^^) as shown in Fig. j^d). 

Discussion: We now demonstrate that hybridization of 
the impurity with the Rashba-Fermi gas is behind the 
fractional local moment and the high Tk- In the ab¬ 
sence of RSOC (A = 0 ), the sole one-particle effect of 
hybridization on the impurity is to broaden its spectral 
function Ad{uj) from a Dirac delta at ed to a Lorentzian 
of width A ^ where p{uj) (^ A = 0 ) is 

the density of states of the bath. Matters take a dif¬ 
ferent turn when A 7 ^ 0 due to the infrared divergence 
of the density of states of the bath {p{oj) ^ ^ at near 
cj = 0, see Fig. [^a)). A bound state appears for any V 
for A 7 ^ 0 , i. e., the states dj.} reorganize themselves 
into a set of scattering states created by and a bound 
state bl^ {k and m are quantum numbers appropriate for 
the gauge field; for the 3D RSOC, k = \k\, m is the 
2 ;-projection of the total angular momentum J = 1/2.). 
The weight Z of the d-impurity state in the bound state 
5, i.e., b\ = ^/~Zd\T^j^^ depends on A in a most 

interesting way. For a given Sd and U, Z is vanishingly 
small for A smaller than a critical value (see Fig. [^b)). 
For larger A, Z attains a constant value (of | for the 
3D RSOC) independent of A. The energy of the bound 
state Sb also has interesting characteristics as shown in 
Fig-i c). For small A, the binding energy is small and 
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FIG. 4. Generic fractional local moments: QMC re¬ 
sults for an impurity hybridizing with a conduction band 
with pM = {V/E)f^ = 0.1,A/fcF = 

= 2,Ed = Hr{X)/2,L = 128). Impurity 
observables (a) and susceptibility y (b) as a function of tem¬ 
perature. The values of SblEp ~ —0.1 for all cases. 



Sd dependent, while for large A, Sb 
becomes independent of Sd^ 



The one particle physics just discussed provides crucial 
clues to understanding of the physics as U at the impu¬ 
rity site is increased. As is evident, the natural basis to 
understand the physics are the 6-bound state and the a- 
scattering states. For small A, the bound state has very 
little d-character and the physics is quite similar to the 
system without RSOC. The fall in Uc seen in Fig. [T]:a,b) 
owes to the falling chemical potential of the gas for our 
choice of Sd = /i(A)/2. At larger A, the bound state b is 
deep. Since the b state has only a fraction of d state, 
even a large U on the d state does not entirely forbid dou¬ 
ble occupancy of the b state. Physically, the part of the 
b state with d character will “feel” a correlation energy 
while the other part is uncorrelated. At large 6/, 
the “d-part” of b will thus be singly occupied forming a 
fractional local moment. This argument provides an ex¬ 
pression for the critical Uc required to form a fractional 
local moment, as Uc ^ ^\^b\ and indeed matches (upto a 
multiplicative factor of ^ 2) the result at large A shown 
in Fig.[^a,b). In fact, these observations also explain the 
regime of U < Uc at large A. Here the b state is doubly 
occupied, and this corresponds to a d occupancy of 2Z, 
and (ud^ndi) = Z‘^ and S‘^ = 2Z{1 — Z) all in agreement 
with results of Fig. Turning again to U > Uc^ the 


origin of the high Tk of the Kondo state formed by the 
fractional local moment can be understood from the vari¬ 
ational calculation. As noted, the first excited state in 
VC is a triplet state made of a singly occupied b state and 
a scattering state at the chemical potential, this is clearly 
a scale above ground state with a fractional local mo¬ 
ment and partial double occupancy of the 6-state. Thus 
in the large U limit we expect the Kondo scale Tk to be 
proportional to Sb as indeed found by explicit calculation 
(see Fig. [^d)). Indeed, this provides a route to obtain 
large Kondo temperatures as ^ A^/^. Also note that 
the physics of the fractional local moment formation in 
this system is very different from that noted in ref. m 
which occurs in a sd-system that has a ferromagnetic 
coupling to the bath. 

A final puzzle: Why is Z numerically equal to |? 
What controls this - how can it be tuned? We show 
that Z is entirely determined by the exponent that char¬ 
acterizes the infrared divergence of the density of states. 
Indeed, for a system with p{uj) = ;^(\/^ + 

show (see Supplementary Information) that Z{r) = 

We have performed QMC calculations with the impu¬ 
rity hybridizing to a bath with the given density of 
states, and indeed find the anticipated fractional local 
moments (see Fig. |^a)). We further see (fig. |^b)) that 
there are two distinct intermediate temperature regimes, 
Tk ^ T < \eb\ which is the “fractional local moment 
regime” with Ty ~ Z{r)^ and the asymmetric local mo¬ 
ment regime between \sb\ ^T '^U where Tx ^ |. Inter¬ 
estingly, for the 3D RSOC the susceptibility alone cannot 
discern these two. 

Experimental signatures of the fractional local moment 
formation in a cold atom experiment can be probed using 
radio-frequency(rf) spectroscopy [1]. The experiment will 
need a finite concentration of well separated quantum im¬ 
purities, and the rf spectrum would show a well separated 
peak proportional to the concentration and the weight Z. 
In the condensed matter context, our results could also be 
useful in understanding experiments on low dimensional 
electron gases at oxide interfaces and surfaces [52j |53] . 
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Fractional Local Moment and High Temperature Kondo Effect in Rashba-Fermi Gases 

by Adhip Agarwala and Vijay B. Shenoy 


SI: Rashba-Anderson Hamiltonian 


The complete Hamiltonian H = He-\- H^ + H ^, as described in the main text is given by, 


h=j:s ocik)cl^Cka + ^ iddld^ + Undtndi+ 

ka <J 

i E + /“(fc)cLd<x). 

k,a,a 


(Sl.l) 


Here, f^{k) = {ka\ka) and \ka) and \k(j) are the eigenkets of the Rashba spin-orbit coupled(RSOC) and the 
non-RSOC Fermi gas respectively. Explicitly {ka =t \ka = 1) = cos(|), {ka =| \ka = 1) = sin(|)e*'^, {ka =t 
\ka = —1) = — sin(|) and {ka =| \ka = —1) = cos(|)e*'^, where 0 and 0 are the polar and azimuthal angles made 
by k in spherical polar coordinates. In presence of RSOC (of strength A) the two helicity bands(o = ±1) have the 
following dispersion (adding a constant energy shift of A^/2), 

ea{k)=Sa{k) = {-^-a-^f. (S1.2) 

V is the strength of the hybridization of the impurity state d with the conduction bath fermions and O is the 
volume, id is the impurity onsite energy and U is the repulsive Hubbard interaction strength at the impurity site 
between two fermions. The “bath” density of states, i.e. of the RSOC fermions is p{uj) = ^(-^ + a/^). Given a 
density of particles {rio = kp/Sir^), the chemical potential p depends on A as [48], 



(S1.3) 


S2: Ultraviolet Regularization and Impurity Spectral Function 


The non-interacting impurity Green’s function {U = 0) is given by, 

Gdai^) = ~ I I (S2.1) 

[id - Sd- Wl {uj-£a.{h)) ) 

The third term in the denominator of the above expression has an ultraviolet divergence. We describe the procedure 
of regularization mentioned in the main text, id is treated as a bare parameter and replaced by the corresponding 
physical parameter Cd using. 


V‘^ 

ed = ed-^ 2^ 


U ^ \k‘^/2\ 


= ed- 


V‘^A 


(S2.2) 


The regularized Green’s function is. 
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{UJ -Sd- (-7 




+ 



Gda (^) 


(S2.3) 
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The corresponding impurity spectral function is, 


Ad{uj) = 2itZ5{uj - Sh) ^ - 

(cj 


2 ( I 

\2\^7ry/uj tt\/2 ) 



tt\/2 ) 


(S2.4) 


where, ^fZoAd( uj)duj = 1 . 56 is the pole of the Green’s function and Z is the weight of the d state in the b bound 
state. Z is evaluated by the following procedure. For any impurity Green’s function of the form Gda{^) = 
solves for the pole(i.e., f{uj = 55 ) = 0 ), then Z = 


S3: Hartree-Fock Method 

Under the Hartree-Fock method(HF), the interaction term (see eqn. is treated as, 

Uud-fUdi U{{ndf)ndi + nd^{ndi) - {uddindi))- 

The occupancy of d state for both spin labels can now be self consistently found by solving. 


{jldcr) — J 


^d^U{ndd) V X uj 

—e;—• iyi- 


(S3.1) 


(S3.2) 


Ef e]}^ ^Ef^ 

This then allows us to find impurity moment M = {ud^ — ridi) as a function of U and A, as is shown in the main text. 


S4: Variational Calculation 


To build the variational calculation(VC), we first look at the resolution of identity in the non-RSOG basis. 


1 = 


Stt^ 


poo 

( /, m, cr)(/c,/, m, cr|) 

7 Jo 

l,m,a 


(S4.1) 


where k = \k\, and l^m and a = ± 1/2 are the azimuthal, magnetic and the spin quantum numbers respectively. 
|/c, /, m, a) are therefore the free particle spherical wave states. Now A couples /, m and a states to form helicity states 
(/, m, a) (j, rrij^a). Resolution of identity in this basis is. 


1 = 


n 

Stt^ 


poo 

( E / dkk‘^\k,j,mj,a){k,j,mj,a\) 




where for any k, 


= 0,m = 0,t) = = -.rrin = -,(a = — 1)-m.- = -, a = 1) 

' ^2 2 ’ ^ 2 ’ ' ^2 2 ’ 2 ’ ' 


(S4.2) 


(S4.3) 


\l = o,TO = 0,;) = ±|j = = -^,a = -1) - ±|j = l^rrij = -^,a = !)• 

The Hamiltonian H can therefore be written as, 

H = E / k^dkea{k)\k,j,mj,a){k,j,mj,a\+U\d,a){d,a\\d,a){d,a\+'E^d\d,(j){d,c 

1 000 • ^ rr 


j,mj,a 


= a,a){d,a\ + h.c)) 


(S4.4) 


(S4.5) 


Since k G (0,oc), we transform k = tan(^) such that dk = jac{x)dx where, jac{x) = sec^(^)|^. The x-interval 
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(0,1) is now further divided into discrete Gauss-Legendre points, dx wt{xi)^ such that resolution of identity 

can be rewritten as, 


1= g{xi)\k{xi),j,mj,a){k{xi),j,mj,a\ (S4.6) 

i,j,mj ,a 

where, g{xi) = {-^)wt{xi)jac{xi)k{xi)‘^. Defining \ki) = \k{xi)) = ^ g{xi)\k{xi)) the complete discretized Hamilto¬ 
nian is. 


H= y] ea{ki)\ki,j,mj,a){ki,j,mj,a\ 

i,j,mj ,a 

+Undtndi + y^/d\d,a) {d,a\ 

a 

-;^V‘^^9{xi){-\ki,j = ^,mj = i,Q; = 1) 

i ^ 

+ \h,j = ^,mj = \,a = -l))(rft I 

-^V‘^T^9{xi){-\ki,j = ^,mj = -i,a = 1) 

+ \hJ = = -l))(c^i I 


(S4.7) 


The system is numerically diagonalized in the non-interacting sector {U = 0), where the regularization of Sd is 
included. A rigid Fermi sea is implemented by discarding states which have ea{k) < /i(A). The U term of the 
Hamiltonian is further diagonalized in the two-particle sector using the product of one particle states. Various 
observables can then be calculated by taking expectation on the ground state wavefunction. Typically 10^ states 
in the two-particle sector may be necessary to find accurate solutions. 


S5: Hirsch-Fye Quantum Monte Carlo 


Hirsch-Fye quantum Monte Carlo numerics are performed following m where the susceptibility is obtained by. 


x = [ dT{[d\{T)d^{T) + dl{T)ddT)]' 
Jo 


(S5.1) 


[4(0)d;(0) + 4(0)dt(0)]). 


The starting Green’s function can be obtained from the non-interacting impurity spectral function (see eqn. ( S2.4[ )). 
Throughout the calculations, the chemical potential is kept fixed at its zero-temperature value (/i(T, A) = /i(A)). Our 
formulation can be readily used to obtain quantities of interest to experiments using realistic (temperature/system 
dependent) values of parameters. 


S6: Infrared Divergence of Density of States determines Z 

In order to understand the origin of Z = 2/3, we construct conduction baths with infrared divergence in the density 
of states of the form. 


p{uj) - ^{V^+ 


(S6.1) 


The infrared divergence is characterized by the exponent r ( —1 < r < 0). For a given density of particles one 
can obtain the dependence of g on both r and A (similar to eqn. (S1.3)). The impurity Green’s function and Z is 


obtained as illustrated in Section S2[ It is found that for large A, Z ^ This can be obtained analytically, by 

discarding the ^ ^/LJ term in p{uj) and considering p{uj) = { — 1 < r < 0). The impurity Green’s function in this 
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case is given by, 


Gd{^) = 


1 

uj — Cd — csc(7rr) 


with Z = for all values of 0) and Sd = 0. 


(S6.2) 



